This study highlights the dramatic differences in the expression of stem progenitor cells, activity of signaling pathways, and the location of label retaining cells across the middle ear epithelium.
Introduction
The middle ear is lined by a diverse epithelium derived from endoderm and neural crest (Thompson & Tucker, 2013) . The epithelium can be either simple or pseudostratified (Sade, 1966; Thompson and Tucker, 2013) and covers the whole middle ear cavity including the inner surface of the eardrum and is continuous with the Eustachian tube and therefore the pharynx. The pseudostratified epithelium has been shown to extend from the opening of the Eustachian tube in tracks and contains ciliated cells and secretory cells (Sade, 1966) . This epithelium lines the ventral part of the middle ear cavity known as the hypotympanum. The simple epithelium is found in the epitympanic region (roof or attic) in the dorsal part of the cavity near the ossicles and covering the promontory overlying the cochlea, with slight species-specific variation in the extent the cilia tracks extend up towards the attic (Kuijpers et al., 1984; Lim et al., 1967; Sade, 1966) (Fig. 1A for schematic of middle ear anatomy).
The ciliated region corresponds to the cells of endoderm origin while the simple unciliated region is derived from neural crest cells, which undergo a mesenchymalepithelial transition and switch on epithelial markers such as E-cadherin and Keratin 14 (Thompson & Tucker, 2013) . Some ciliated cells are observed in the dorsal attic region, suggesting that the neural crest might be able to form cilia (Luo et al., 2017) .
The middle ear lining acts as a barrier against infection and chemical damage and must be able to self-renew during adult life in order to maintain normal homeostasis of this tissue. In vivo and in culture the middle ear epithelium is able to secrete a multitude of innate defense proteins from its apical surface, helping to keep the middle ear cavity sterile (Mulay et al., 2016) . Despite this, the middle ear cavity can often become infected leading to Otitis media, the inflammation of the middle ear.
During this time epithelial changes are observed with an increase in proliferation, a reduction in cilia and an increase in the number of goblet cells (Atef and Ayad, 2004; Lim and Birck, 1971; Fuchs et al., 2013) . 31 million cases of chronic Otitis Media with effusion are reported each year and its complications are important causes of preventable hearing loss, particularly in developing countries (Monasta et al., 2012) .
Recently, it has been shown that the middle ear mucosa expresses Keratin 5 (K5) in the basal cells of both the ciliated and unciliated middle ear epithelium, with shortterm lineage tracing of K5 cells showing that these basal cells can form ciliated cells (Luo et al., 2017) . This indicates that adult K5 stem cells can play a role in homeostasis of the ear epithelium. In addition, cells expressing putative stem cell markers, α6-Integrin, β1-Integrin, p63 and keratin 19, have been located in the ectodermal (outer layer) component of the eardrum (Kim et al., 2015; Knutsson et al., 2011; Wang et al., 2004) . These cells appear in potential niches, around the annulus and at the manubrium, where the middle ear ossicles contact the membrane. The middle ear epithelium therefore does appear to have a putative stem cell population. This paper aims to extend this research particularly focusing on the distribution of putative stem/progenitor cells within the middle ear epithelium in neural crest and endoderm-derived regions. For this we have investigated the presence of label retaining cells (LRC), using pulse chase BrdU, analysed the expression of putative stem cells markers, and equated their distribution to the embryonic origin of the epithelium. For markers we have chosen Keratin 5 (K5), due to its recently described expression in the basal epithelium of the middle ear, and the transcription factor Sox2 (Sex determining region Y -box 2). Sox2 is a well-established epithelial stem cell marker in a number of adult systems: pituitary (Fauquier et al., 2008) , lens epithelium, glandular stomach, testis (Arnold et al., 2011) , bronchi (Tompkins et al., 2009 ) and teeth (Juuri et al., 2012) . In many of these systems Wnt signalling has been shown to be central to the control of stem/progenitor cell activity and may act as a niche factor to maintain stem cells in a self-renewing state (Nusse, 2008) . We have therefore also compared the distribution of Wnt activity, using the Axin 2 reporter mouse, to the pattern of putative stem cells across the middle ear epithelium.
Results:
Proliferation is not uniform throughout the middle ear epithelium As homeostasis within the epithelium of the middle ear has not yet been studied, an antibody against proliferative cell nuclear antigen (PCNA) was used to label dividing cells at three different stages, P (postnatal day) 14, P21 and 8 weeks (N = 3-4 ears for each stage). At 2 weeks the ear is still developing and maturation of the middle ear mucosa is occurring, while already by 3 weeks the adult morphology is evident (Thompson & Tucker, 2013) . At each stage the location of dividing cells was not uniform throughout the middle ear epithelium; instead there were discrete regions with many dividing cells and larger regions with few or no proliferative cells. At all three ages the pattern was very similar with proliferation found close to the developing ear drum (Fig. 1B) , and the Eustachian tube in the hypotympanum part of the cavity (Fig. 1C, F-H ). Other regions of the middle ear cavity, such as overlying the promontory of the cochlea and within the attic, largely had no proliferating cells within the epithelium (Fig. 1D) . As a positive control the tracheal epithelium can be viewed in the same sections as the middle ear. Like the middle ear epithelium near the Eustachian tube, the trachea has a ciliated pseudostratified epithelium, but the number of proliferating cells was higher, indicating a faster turnover in this tissue (Fig. 1E ).
At 2 weeks many more proliferating cells were observed in the middle ear epithelium as would be expected, as the ear, though functional at this stage, is still maturing ( Fig. 1F-H). Cell counts were then performed on the epithelium of the hypotympanum (counted region shown by boxed area in Fig. 1A ). The percentage of dividing cells decreased dramatically between 2 weeks and 3 weeks of age (P = 0.013), however, only a slight decrease was observed between 3 and 8 weeks which was non significant (P = 0.153) ( Fig. 1.J) . The difference between the percentage of proliferating cells at 2 weeks and 8 weeks was highly significant (P = 0.002) (Fig. 1J) .
Label retaining cells are concentrated in distinct regions of the middle ear
Having established which areas are proliferating we then turned to identification of label retaining cells (LRC) in the middle ear. For this we used BrdU pulse chase where BrdU was given to a pregnant mother via the drinking water from embryonic day 9 of gestation (E9) to E16, in order to label all the dividing cells within her embryos. All the littermates therefore had the same dose of BrdU and should be labelled uniformly. The pups were then collected at three stages: postnatal day 1 (P1) to confirm all cells within the tissues of the middle ear were labelled; at 3 weeks (P21), to locate slow cycling cells when the middle ear has fully formed; and at 8 weeks postnatally, to locate LRCs in the adult mouse middle ear epithelium (N = 3).
At P1, BrdU immunohistochemistry revealed all cells within the mouse middle ear were positive for BrdU ( Fig. 2A, A' ) confirming saturated labelling of this tissue at this time point. By P21, BrdU retaining cells were dramatically reduced in number compared to P1 and from this point, and continuing in the adult (8 weeks), the distribution of positive cells was restricted to certain regions of the epithelium (illustrated schematically in Fig. 2B ).
At 8 weeks postnatally, BrdU-retaining cells were found scattered within the pseudostratified endodermally-derived epithelium. These regions of the middle ear cavity included the ventral regions close to the Eustachian tube (Fig. 2E ) and in the epithelium surrounding the eardrum on the ventral side (Fig. 2F) . Here the BrDU positive cells were associated with the basal lamina (see inset Fig. 2E ). Positive cells were also observed in the simpler epithelium in the attic near to the ear drum (Fig.   2C ). In contrast, these LRC were generally absent from the neural crest-derived epithelium overlying the cochlea (Fig. 2D) .
Sox 2 cells predominate in the adult endodermally-derived epithelium
The transcription factor Sox2 has been shown expressed by adult stem progenitor cells in other tissues (Arnold et al., 2011; Fauquier et al., 2008; Juuri et al., 2012; Tompkins et al., 2009 ) and therefore was examined in the middle ear. For this the Sox2creERT2Tom mouse line (Andoniadou et al., 2013 ) was used to investigate Sox2 expression. Tamoxifen was injected at P21 and the samples were collected two days after to allow for cre recombination to occur. The middle ear was viewed in wholemount, with the ear drum and associated lateral wall removed to allow imaging of the ventral and dorsal part of the cavity. In such preparations the connection to the pharynx via the Eustachian tube, the promontory and the stapes with stapedial artery was visible (Fig. 3) . A large number of Sox2 positive cells were observed in the ventral region of the middle ear cavity, close to the Eustachian tube (Fig. 3A) .
Expression also extended in tracks around the promontory of the cochlea, but no expression was observed overlying the cochlea. Expression dorsally around the stapes was also absent. The pattern of Sox2 expression mimicked that of the endoderm, as highlighted using the Sox17-2A-icreR26R mouse line (Engert et al., 2009; Soriano, 1999) (Fig. 3B) . As Wnt activity has been associated with the control of stem cell niches we looked at Wnt activity using an Axin2LacZ reporter line (Lohi et al., 2010) .
Intriguingly, large numbers of LacZ positive cells were associated with the endodermderived region expressing Sox2, with intense blue spots of Axin2 observed in the epithelium (Fig. 3C,D) . Positively stained cells lined the area around the Eustachian tube (hypotympanum) but were absent from the promontory overlying the cochlea and the epithelium in the attic region (Fig. 3C,D) . In section Axin2 positive cells were observed scattered throughout the epithelium of the hypotympanum, localized to the nucleus, which is expected given that these mice have a nuclear localised (NL) LacZ (Fig. 3E) . To follow the fate of the Sox2 cells and their progeny, the Sox2creERT2tdTom were left for up to six months prior to culling (N = 5). Similar to the expression of Sox2 two days post tamoxifen (Fig. 3A) , the majority of tomato positive cells after 6 months were in the hypotympanum and generally excluded from the promontory over the cochlea (Fig. 3F) . However, stripes of expression in the inner ear itself were evident (Fig. 3F) . Using confocal microscopy, scattered cells were evident in the attic region ( Fig. 3H) , with a few isolated cells labeled over the promontory ( Fig. 3H,I ). The general distribution and number of Tomato positive cells was very similar to that after 2 days, suggesting that these cells may not be the stem cells of the middle ear. The main difference between 2 days and 6 months post tamoxifen was in the extent of the expression around the sides of the cochlea, with the Tomato labeled cells extending towards the dorsal region towards the stapedial artery.
Sox2 and Keratin 5 mark distinct populations in the middle ear epithelium
To understand how Sox2 expression related to other markers in the middle ear epithelium, Sox2 expression (Sox2creERT2tdTom mice two days post tamoxifen injection) was compared to expression of another potential stem cell marker, Keratin 5. Tamoxifen was injected at 3 weeks, once the ear had fully formed. Keratin 5 has been reported to be expressed in the middle ear epithelium in both the ciliated and non-ciliated epithelium (Luo et al., 2017) . Like Sox2, Keratin 5 was expressed at high levels in the hypotympanum ( 
Dual orgin of ciliated cells in the middle ear
Cilia have recently been described in the dorsal part of the ear near to the tympanic membrane, which might be predicted to derive from the neural crest (Luo et al., 2017) . Pseudostratified ciliated cells are found in the ventral cavity close to the Eustachian tube and extend in tracks around the promontory of the cochlea reaching around the tympanic membrane. At 2 weeks cilia are not observed in the dorsal part of the middle ear cavity in mice (Thompson and Tucker, 2013) , however, by 8 weeks some ciliated cells were present in patches near to the stapes and oval window (Fig.   5A,B ). This suggests that either the neural crest cells start forming cilia, or that the endoderm cells migrate further up the ear into the dorsal regions over time. The extension of Sox2 positive cells towards the dorsal parts of the middle ear suggest that some migration of cells does occur (Fig. 4) . To clarify this situation cilia distribution and endoderm origin was investigated using dual labeling of Sox172Aicre/tdTom (red) and alpha acetylated tubulin (green). Endodermally derived (red) cells could be observed spreading out from the hypotympanum and lateral edges of the bulla ( Fig.5C-E, H,I ). Blood vessels that line the bulla were also labeled using this mouse (see Fig. 5E ). The large majority of ciliated cells (green) were located within the endodermal domain and therefore were labelled yellow (Fig. 5F ,G,J,K), a few single tubulin positive cells, however were observed at a sight distance from the endodermally derived epithelium suggesting a potential neural crest origin. To confirm this, alpha acetylated tubulin staining was preformed on Wnt1cre/tdTom mice ( Fig. 5L-O) . In these mice the epithelium near the ossicles is derived from the neural crest (red) (Fig. 5M ). Very few ciliated cells were observed in this region, while neurons were visible (green) (Fig. 5N) . The lone ciliated cells, however, were labelled as neural crest, indicating that the neural crest derived epithelium was able to develop into ciliated cells over time (Fig. 5O) .
Putative stem/progenitor cell expression alters with Otitis media
Otitis media (OM) is an inflammation of the middle ear mucosa, which is incredibly common especially during childhood. Chronic Otitis Media with effusion (OME) can result in tissue remodeling, including hyperplasia of the epithelium. Given that putative stem cells were found predominately in the ciliated pseudostratified endodermally-derived epithelium and minimally in the simple neural crest-derived epithelium, we moved to investigate the response of these two epithelial tissues to Otitis Media. For this we have used the Tbx1+/-mouse model (Liao et al., 2004 ) (Fuchs et al., 2013) , which develops OM due to Eustachian tube dysfunction (Fuchs et al., 2015) . As expected the Tbx1 heterozygous mice showed signs of Otitis Media, with thickening of the mucosa and infiltration of cells within the middle ear cavity (Fig. 6A,B) . Hyperplasia of the epithelium occurred throughout the middle ear increasing with the degree of severity of the OM, as highlighted by increased expression of Ecadherin (Supp . Fig 1) . The underlying mesenchymal tissue under the epithelium also underwent hyperplasia, this being more extreme in the hypotympanum, with expansion/invasion of blood vessels (Supp. Fig. 1 ), while the tissue over the cochlea was less visibly affected (see border highlighted in Fig. 6A,B ).
As might be predicted given this level of hyperplasia, increased levels of proliferation were observed across the middle ear epithelium, agreeing with earlier reports (Lim and Birck, 1971) . This change in the epithelium was particularly marked on the promontory where normally very little (or no) proliferation is observed in a healthy ear (Fig. 6C,D) , suggesting that this epithelium undergoes major remodeling during injury. To investigate the effect on putative stem cells, the expression of Keratin 5 was analysed in these mice (n = 2). The expression of Keratin 5 in the pseudostratifed endodermally-derived epithelium was similar to the wildtype (Fig. 6E,F) , however, the epithelium overlying the cochlea in mice with Otitis Media appeared drastically different, with many cells expressing Keratin 5 (Fig. 6G,H) . In all cases the Keratin 5 positive cells were located close to the basal lamina. As an observation, we had one Sox2creERTom sample, which had naturally occurring Otitis Media. This sample had been injected with Tamoxifen at P21 and collected 2 days later, as a base level of Sox2 expression. In this mouse Sox2 positive cells were observed overlying the cochlea (Fig. 6I) , a region normally devoid of Sox2 positive cells and their progeny (see Fig. 3A ). Keratin 5 and Sox2 are therefore both upregulated in the neural crest derived parts of the ear in response to injury.
Discussion
The mouse middle ear epithelium lines the middle ear cavity and is composed of regions of ciliated pseudostratified epithelium and regions of simple epithelium with a dual origin, derived from endoderm and neural crest (Thompson & Tucker, 2013) .
The middle ear epithelium functions to keep the cavity clear of debris and to act as a barrier against infection. As with the majority of adult tissues, the middle ear epithelium must undergo continual cycles of self-renewal in order to maintain homeostasis of the cells, and to combat injury. This study has highlighted that the diverse epithelium of the middle ear cavity contains distinct regions. Some regions are populated with many putative stem progenitor cells, while other regions hold very few such cells, this pattern reflecting the embryonic origin of the tissue.
Proliferation of the epithelium is not uniform across the mouse middle ear
Analysis of proliferation patterns across the ear highlighted that levels of proliferation in the adult epithelium were not uniform, with distinct patches of higher proliferation around the ear drum and near the Eustachian tube: which suggests that these areas have a higher turnover rate when compared to adjacent regions lining the cochlea and in the attic. Overall proliferation of the epithelium was highest in the mouse at 2 weeks postnatal, but decreased significantly by 3 weeks. This pattern of proliferation fits with the growth of the middle ear, which increases rapidly up to P15 (2 weeks) and reaches close to its adult size by 3 weeks (Richter et al., 2010) . Proliferation from 3 weeks onwards is therefore likely to be for replacement of cells rather than due to growth.
Stem /progenitor cells cluster in the ciliated part of the middle ear
Interestingly, the areas with higher proliferation overlapped with the regions with label retaining cells. These slow cycling cells were located at high levels within defined regions of the endodermal pseudostratified epithelium and were closely associated with the basement membrane. This location suggests that they are likely to be basal stem cells, similar to those observed in the trachea (Rock et al., 2010) . It is interesting to note that some regions of the middle ear, such as around the ear drum and near the Eustchian tube, had both high levels of LRC and proliferating cells, suggesting that these two populations are intermingled and may regulate each other.
To further support the presence of stem cells within the middle ear epithelium, we investigated expression of two well used stem cell markers-Keratin 5 and Sox2 (Arnold et al., 2011; Fauquier et al., 2008; Hong et al., 2004; Juuri et al., 2012; Rock et al., 2009; Tompkins et al., 2009 ). Both markers were expressed in the hypotympanum close to the Eustachian tube and surrounding the eardrum, with almost no positive cells in the unciliated epithelium lining the attic and cochlea.
In previous publications, Sox2 has been shown to be expressed by a subset of cells in the adult, such as the immature basal cells of squamous epithelium (Arnold et al., 2011) . In contrast, in the middle ear many cells in the endoderm derived epithelium 
Endoderm cells move over time to populate some parts of the dorsal middle ear
As the ear matured, the boundary between the endoderm-and neural derived epithelium became less well defined. Endodermal cells were observed scattered amongst neural crest cells extending out from the hypotympanum. This coincided with increased numbers of ciliated cells in the dorsal part of the middle ear, as viewed by an extension of the Tomato expression domain in Sox2ert2cre/Tom mice tracked for six months after induction. Ciliated cells have also been reported in the dorsal part of the middle ear, close to the ear drum (Luo et al., 2016) , and a few single ciliated cells have been reported overlying the cochlea (Sade, 1966) . Our data suggests that at least some of these dorsally located ciliated cells are formed by neural crest derived cells taking on a ciliated morphology, in addition to a contribution by endodermally derived cells which have moved around the middle ear cavity. The neural crest derived epithelium therefore does appear to have the potential to form complex epithelial cell types.
Epithelial changes during middle ear disease
Keratin 5 and Sox2 positive cells were found restricted to the endodermally-derived pseudostratified epithelium in healthy ears. Interestingly, during periods of Otitis Media, the epithelium under went extensive hyperplasia, and the expression of Keratin 5 and Sox2 was upregulated in the epithelium overlying the cochlea and in the attic, which normally have sparse expression of these markers. The increase in Keratin 5 and Sox2 was associated with an increase in proliferation of the epithelium in response to the disease, which was particularly pronounced on the neural crest derived promontory, as this tissue usually has an extremely low rate of proliferation.
The way the middle ear epithelium repairs itself after infection/inflammation may therefore rely on a different mechanism than that normally used during homeostasis, 
Materials & Methods

Mice:
Heterozygous Sox17-2A-iCre (Engert et al., 2009 ), Sox2creERT2 (Andoniadou et al., 2013) , and Wnt1-Cre males (Danielian et al., 1998) were mated overnight to homozygous R26R (Soriano, 1999) (1:500; Invitrogen) or goat anti-mouse biotin (1:500). Amplification was performed using an ABC kit (Vector) then developed using DAB with Nickel (Vector), counterstained with Menapath green (Menarini Diagnostics) or NovaRed (Vector).
Immunofluorescence in wholemount:
Dissected auditory bullas from Sox2Ert2cre/tdTom, Sox17-2A-iCre/tdTom and Wnt1cre/tdTom mice were fixed, washed in PBS and permeabilised in 1% Triton X PBS for several hours. Bulla were blocked in IHC Blocking Solution (10% goat serum, 1% BSA in PBT) and incubated in primary antibody in block (mouse acetylated alpha-tubulin, 1:200; Sigma #T6793) (rabbit Keratin 5, 1:200; Covance #905501) for two-three days (Thompson & Tucker, 2013) . The tissue was then washed three times in IHC Blocking Solution and incubated in secondary antibody (Alexa Fluor, mouse/rabbit, 1:500, Invitrogen) before being washed and prepared for confocal imaging (TCS SP5 Leica).
PCNA staining and cell counts:
Wax sections were dewaxed, rehydrated through ethanol, digested with 20µm/ml proteinase K for 15 minutes at room temperature and endogenous peroxidases blocked with 3% H2O2 for 10 minutes. The tissues was then pretreated with 0.01M, pH6 citric acid for 30 minutes at 90C in a water bath before cooling for 10 minutes and treated with 50mM NH4Cl for 5 minutes. Detection of proliferative cell nuclear antigen (PCNA) was achieved using the Invitrogen PCNA colorimetric kit and developed using Vector DAB staining kit. For cell counts, 3 samples of each age group were collected and the same 250µm region of epithelium was analysed over 8 10 µ m sections. The number of cells in this region was counted and the average number of cells was calculated along with the standard error of the mean. The slides were then placed in Xylene to remove the coverslips and counterstained with DAPI.
Recoverslipped slides were then used to count the total number of cells/nuclei in the same region to provide a final percentage of proliferating cells. Student t-tests were used to show significance between two ages of mice.
BrdU pulse, chase and staining:
All dividing cells were BrdU-pulse labelled, by replacing the drinking water of a pregnant CD1 mouse with 1mg/ml BrdU in water, between embryonic day 9 and 16. 
Scanning electron microscopy (SEM):
The temporal bones of postnatal mice were dissected and the middle ear epithelium revealed by removing the outer ear, eardrum, tympanic ring and the malleus and incus. These were then fixed in 2.5% gluteraldehyde in 0.15M cacodylate buffer (pH7.2) overnight at 4 C, washed and postfixed in 1% osmium tetroxide. Next, D specimens were dehydrated in ethanol and dried using a Polaron E3000 critical point dryer. After mounting and coating with gold (Emitech K550X sputter coater), the surface of the epithelium was examined and images recorded using a Hitachi S-3500N scanning electron microscope (SEM) operated at 10kV in high vacuum mode. 
